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described  and  the  photoelectrolyticbehavior  of  TiC^_x]  and  TiC^^F^  anodes 
has  been  investigated.  It  was  found  that  the  substitution  of  small  amounts 
of  fluorine  for  oxygen  in  Ti02  increases  the  photocurrent  output  which 
arises  from  increased  response  at  the  longer  wavelengths.  The  improved 
response  may  be  attributed  to  the  increase  in  depletion  laver  width  which 
is  supported  by  an  observed  increase  in  resistivity,  (cont) 
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A study  has  also  been  carried  out  on  the  electrical,  optical  and 
photoconducting  properties  of  pure  and  reduced  single  crystals  of  the 
composition  f'^2-^Cr^13  where  sfi_X  5747^  It  has  been  found  that  pure 
-«-Fe203  is  not  a photoconductor.  A necessary  condition  for  the  observation 
of  photocurrents  in  n-type  Fe2C>3  is  that  some  Fe304  be  present.  In 
addition,  it  has  been  found  that  the  substitution  of  chromium  for  iron 
_in>a-Fe203  results  in  a montonically  decreasing  optical  band  gap  as  the 
chromium  concentrations,  x,  increases. 
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INTRODUCTION 

During  the  current  year  from  June  1st,  1977  to  May  31,  1978,  we  have 
studied  two  systems.  The  first  is  TiO^  xF^  where  small  amounts  of  fluorine 
have  been  substituted  for  oxygen.  It  will  be  seen  from  the  report  that 
follows  that  small  substitutions  of  fluorine  markedly  increase  the  photocurrents 
obtained  for  TiO  anodes.  The  second  study  deals  with  the  systems  Fe0  Cr  0 . 

It  will  be  shown  that  in  order  to  obtain  a photocurrent  from  Fe^O^  electrodes , 
Fe.O  must  be  present.  The  effect  of  substituting  chromium  into  Fe,,  Cr  0 
is  also  discussed. 

The  following  technical  report  is  therefore  divided  into  two  sections. 

The  first  dealing  with  improved  substituted  fluorine  anodes  and  the  second 
section  deals  with  a careful  examination  of  Fe^O^  and  chromium  substituted 
Fe^O^  electrodes. 
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ABSTRACT 

A convenient  method  for  preparing  compounds  in  the  system  TiO^  ^F^ 
has  been  developed.  The  electronic  and  photoelectric  properties  of  samples 
prepared  accordingly  have  been  studied.  The  fluorine  content  was  found  to  be 
an  essentially  linear  function  of  the  reaction  temperature  over  the  range 
575  to  700°C.  The  saturation  photocurrent  increased  with  decreasing  fluorine 
content,  because  of  increased  response  at  the  longer  wavelengths.  This 
improved  response  may  be  attributed  to  the  increase  in  depletion-layer  width 
arising  from  the  observed  increase  in  resistivity. 

A significantly  larger  saturation  photocurrent  was  obtained  from  samples 
of  TiO.  F than  from  comparable  samples  of  TiO.  under  the  same  conditions. 
The  increased  output  may  be  attributed  to  a decrease  in  the  recombination 
rate  brought  about  by  the  filling  of  oxygen  vacancies.  The  long-term 
stability  was  studied,  and  a sample  of  TiO^  ^F^  was  found  to  be  at  least  as 
stable,  in  a suitable  electrolyte,  as  comparable  TiO^  . 
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INTRODUCTION 

In  most  of  the  previous  studies  dealing  with  oxides  which  have  served 
as  n-type  electrodes , increased  conductivity  was  achieved  by  the  production 
of  oxygen  deficiencies.  Whereas  earlier  publications  on  n-type  anodes  such  as 
Ti02_x  indicated  that  they  were  stable,  there  has  been  recent  evidence  (1) 
that  these  compounds  do  not  show  long  term  stability  in  the  presence  of  the 
production  of  oxygen  at  their  surfaces.  An  alternate  method  of  producing 
conducting  electrodes  is  by  the  chemical  substitution  of  fluorine  for  oxygen, 
rather  than  the  creation  of  oxygen  vacancies.  Both  methods  result  in  the 
formation  of  3d"''  titanium,  which  would  account  for  the  relatively  high 
conductivity  obtained. 

In  a recent  publication,  Derrington,  et  al.  (2)  reported  on  the 
photoelectrolytic  behavior  of  WO  F . It  was  found  that  the  substitution 

J-X  X 

of  fluorine  for  oxygen  in  W03  did  not  adversely  affect  the  photoelectric 
properties  of  WO^ , but  increased  the  stability  of  the  compound  when  used  as  a 
photoanode.  One  might  expect  members  of  the  system  TiO^  also  to  show 
increased  stability  over  Ti02_x,  since  all  of  the  anion  sites  would  be 
occupied.  It  is  the  purpose  of  this  study  to  prepare  members  of  the 
series  Ti02  xFx  and  to  determine  their  photocurrents  and  stability  as  photo- 
anodes in  photoelectrolysis  cells. 
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SAMPLE  PREPARATION 

Wafers  one  millimeter  thick  were  sliced  from  a single  crystal  boule 
obtained  from  National  Lead  Industries,  South  Amboy,  New  Jersey,  using  a 
water-cooled  diamond  saw.  Each  wafer  was  sandblasted  in  order  to  produce 
homogeneous  surfaces , cleaned  in  an  ultrasonic  bath , and  then  wrapped  in 
a piece  of  platinum  gauze.  The  gauze  and  wafer  were  inserted  into  a sleeve 
made  from  0.005  inch  thick  titanium  foil  obtained  from  MRC  Corp.  , Orangeburg, 

New  York.  The  encapsulated  sample  was  then  centered  within  a nickel  boat.  This 
boat  was  positioned  within  a nickel  tube  (the  "sample"tube ) and  centered  with 
respect  to  the  hot  zone  of  one  furnace,  as  illustrated  in  Fig.  1. 

Hydrogen  fluoride  was  generated  by  the  thermal  decomposition  of  potassium 
bifluoride  at  260°C.  A nickel  boat  containing  approximately  18  grams  of 
potassium  bifluoride  was  positioned  within  a second  nickel  tube  (the  "KHF^" 
tube),  and  centered  in  the  hot  zone  of  a second  furnace.  Fig.  1 depicts  the 
arrangement  of  the  furnaces  and  gas  train  used  for  the  preparation  of  the 
TiC^  F samples.  A gas  mixture  of  85%  argon  15%  hydrogen  was  dried  by 
passing  through  a phosphorus  pentoxide  drying  tube,  flowed  over  the  potassium 
bifluoride  (which  was  kept  at  260°C),  passed  over  the  sample,  and  finally 
exited  through  a sodium  hydroxide  bubbler. 

The  fluorinating  system  was  purged  with  85%  argon  15%  hydrogen  gas  for 
about  12  hours  at  room  temperature.  The  sample  tube  was  then  positioned  in 
its  furnace  and  both  furnaces  were  turned  on.  The  sample  was  allowed  to 
heat  and  equilibrate  at  the  desired  reaction  temperature  for  one  hour. 

The  KHF2  tube  was  then  placed  in  its  furnace,  which  already  had  reached 


the  temperature  of  260°C.  The  generation  of  hydrogen  fluoride  began  immediately 
and  the  time  of  the  fluorination  run  started  at  that  moment.  Samples  were 
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fluorinated  at  temperatures  between  575°C  and  700°C.  Attempts  to  fluorinate 
a TiC>2  wafer  at  550°C  failed  to  yield  a homogeneous  product.  After  8 hours 
of  fluorination , the  sample  furnace  was  shut  off  and  allowed  to  cool  for  one 
hour.  The  tube  was  removed  from  the  furnace  and  cooled  to  room  temperature. 
The  exit  gas  stream  was  then  tested  with  pH  test  paper  to  verify  that  hydrogen 
fluoride  was  still  being  produced.  The  KHF2  tube  was  removed  from  its  furnace 
and  the  sample  was  taken  out  of  its  sleeve. 

Samples  prepared  in  this  manner  appeared  pale  blue  to  black  in  color. 

The  darker  colors  resulted  from  higher  temperature  preparations.  Each  sample 
was  subdivided  into  appropriate  pieces  for  the  ensuing  measurements  by  means 
of  a string  saw  using  a silicon  carbide  slurry. 


THERMOGRAVIMETRIC  ANALYSIS 

Samples  of  TiC^^F^  were  prepared  for  analysis  by  grinding  a piece  of 
each  fluorinated  wafer  to  give  approximately  100  mg  of  sample.  The  finely 
divided  powder  was  heated  in  an  oxygen  atmosphere  from  room  temperature  to 
1000°C  and  changes  in  the  weight  were  recorded  using  a Cahn  electrobalance 
(Model  RG  ) and  a chart  recorder.  None  of  the  samples  in  the  series  showed 
any  measurable  weight  change,  which  indicated  that  the  fluorine  had  substituted 
for  the  oxygen  and  that,  within  the  limits  of  the  analysis  (''<0.01),  there  were 
no  measurable  additional  vacancies  present  in  the  compounds  studied. 


FLUORINE  ANALYSIS 


Samples  of  finely  divided  Ti02  ^F^  powder  were  subjected  to  pyrosulfate  fusion 
During  the  fusion  process , a stream  of  nitrogen  gas  saturated  with  water  vapor 
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was  passed  over  the  melt.  The  gas  stream  carried  the  hydrogen  fluoride 
produced  by  hydrolysis  of  the  sample  into  a 1 M solution  of  sodium  hydroxide. 

The  resulting  solution  was  diluted  to  50  ml  with  a buffer  solution  of  potassium 
acetate  and  acetic  acid.  The  final  pH  of  the  solution  was  5.5.  The  fluoride 
was  determined  with  an  Orion  fluoride  electrode  (Model  94-09).  The  fluoride 
content  of  the  sample  fluorinated  at  700°C  gave  a value  of  x in  TiC^  XF  of  0.002, 
whereas  that  of  the  sample  fluorinated  at  600°C  gave  a value  of  x = 0.0001, 
which  was  the  limit  detectable  by  the  fluoride  electrode  and  is  subject  to 
some  uncertainty,  since  the  value  of  x in  this  material  can  be  reported  only 
within  an  accuracy  equivalent  to  - 0.0002. 

ELECTRICAL  PROPERTIES 

A bar  approximately  4 x 2 x 1 mm  was  cut  from  each  of  the  fluorinated 
wafers  in  such  a fashion  that  only  the  two  large  faces  belonged  to  the  outside 
surface  of  the  sample.  Each  bar  was  further  subdivided  into  three  sections 
4 x 2 x 0.25  mm  in  order  to  establish  whether  or  not  each  fluorinated 
wafer  was  truly  homogeneous.  Thus  the  middle  section  was  taken  entirely 
from  the  interior  of  the  wafer  and  made  no  contact  with  the  outside  surface. 
Indium  leads  were  bonded  ultrasonically  to  each  section,  and  the  standard 
Van  der  Pauw  technique  (3)  was  used  to  measure  its  resistivity.  Excellent 
agreement,  within  experimental  error,  between  the  resistivity  values  for  inside 
and  outside  sections  was  obtained  for  all  the  fluorinated  wafers  considered 


in  this  study.  This  result  demonstrates  that  the  fluorination  process  had 
penetrated  uniformly  throughout  each  sample.  The  measured  resistivity  values 
are  shown  as  a function  of  fluorination  temperature  in  Fig.  2. 
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PHOTOELECTRIC  PROPERTIES  OF  FLUORINATED  Ti02  ANODES 

Electrodes  were  prepared  by  cutting  pieces  approximately  4 mm  square 

from  the  fluorinated  samples  and  evaporating  a thin  coating  of  copper  onto 

the  back  of  each  to  provide  good  electrical  contacts.  Anode  assemblies  were 

fabricated  by  using  indium  metal  to  solder  these  electrodes  to  platinum  wires 

which  had  been  sealed  in  small  pyrex  tubes,  and  then  coating  all  but  the  front 

surface  with  an  electrically  insulating  resin  (Microstop,  Michigan  Chrome 

and  Chemical  Company).  Care  was  taken  not  to  disturb  the  active  photosurface. 

For  measurement , these  anodes  were  mounted  in  a small  glass  cell  approximately 

2 

8 mm  from  the  quartz  window.  A platinized  platinum  cathode  (2.5  cm  in  area) 
was  mounted  2 cm  behind  and  below  the  anode,  and  a saturated  calomel  reference 
electrode  (SCE)  10  cm  above  it.  The  cell  was  filled  with  100  ml  of  0.2  M 
sodium  acetate  electrolyte  (pH  - 7.5)  which  was  purged  of  dissolved  oxygen 
by  continuous  bubbling  of  85%  argon  - 15%  hydrogen  gas.  A cathode  potential 
of  approximately  -0.64  volts  vs.  SCE  was  used  as  the  criterion  for  completed 
purging. 

A 150  watt  xenon  arc  was  used  to  illuminate  an  aperture  5 mm  in  diameter, 
which  was  imaged  onto  the  anode  by  means  of  a quartz  lens.  This  resulted  in 
a reproducible  area  2.25  mm  in  diameter  irradiated  with  approximately  50  mw  total 
power.  The  instantaneous  power  was  determined  for  each  curve  by  using  a 
calibrated  Eppley  thermopile  (16- junction  Coblentz-type ) . Anodic  bias  was 
applied  via  a voltage  follower  having  an  output  impedance  less  than  0.1  ohm, 
and  the  resulting  photoresponse  was  measured  with  a current  amplifier  which 
inserted  a megligible  potential  drop  (<1jjv)  in  the  external  circuit. 

The  variation  of  photocurrent  with  anode  potential  (measured  against  SCE) 
is  shown  in  Fig.  3 for  samples  fluorinated  at  several  temperatures  (T^)  between 
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575  and  700°C.  The  indicated  photocurrent  densities  have  ail  been  normalized 

2 

to  a total  irradiation  of  12.5  mw/mm  , corresponding  to  50  mw  incident  over 

2 

the  illuminated  area  of  4 mm  . It  is  evident  that  the  saturation  photocurrent 

(measured  at  an  anode  potential  of  0.6  volts)  increases  significantly  with 

decreasing  fluorination  temperature  over  this  range,  and  the  essentially 

linear  nature  of  this  relationship  can  be  seen  in  Fig.  4.  The  peak 

2 

photocurrent  of  17.9  ma/cm  obtained  here  is  approximately  twice  the  maximum 

(9.2  ma/cm  ) found  with  unfluorinated  Ti02_x  under  similar  conditions  (4). 

The  lateral  shift  of  the  curves  presented  in  Fig.  3 results  from  a 

systematic  variation  of  the  flat-band  potential  (U^).  Values  for 

(measured  against  SCE)  were  obtained  from  the  linear  dependence  of  the 

square  root  of  the  photocurrent  upon  anode  potential  for  small  values  of  the 

2 

current  (values  <0.5  ma/cm  in  Fig.  3).  They  are  shown  plotted  against 
fluorination  temperature  in  Fig.  5.  The  observed  increase  in  flat-band 
potential  corresponds  to  a decrease  in  its  energy.  This  decrease  in  energy 
appears  anomalous  for  an  increase  in  carrier  concentration , which  would 
be  expected  to  raise  the  Fermi  level,  but  similar  behavior  has  been  reported 
elsewhere  (5).  The  determining  factor  may  well  be  a lowering  of  the  valence 
band  because  of  the  greater  electronegativity  of  the  substituted  fluorine  (6,7). 

The  spectral  photoresponse  of  the  fluorinated  electrodes  was  studied  by 
inserting  an  Oriel  monochrometer  (Model  7240)  in  place  of  the  5 mm  aperture. 

The  curves  shown  in  Fig.  6 were  obtained  at  an  anode  potential  of  0.6 
volts  with  a slit  width  of  0.5  mm,  which  gave  a spectral  resolution  of  4 nm. 

The  photocurrents  have  been  normalized  so  as  to  yield  integrated  outputs 
corresponding  to  the  values  given  in  Fig.  4.  This  data  can  also  be  expressed 
in  terms  of  quantum  efficiency  (electrons  per  photon)  by  dividing  the  observed 
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photocurrent  (electrons/sec)  by  the  incident  radiation  (photons/sec).  The 

curves  presented  in  Fig.  7 have  not  been  corrected  for  any  absorption  in 

the  electrolyte  or  cell  window,  nor  for  reflection  from  the  sample  surface. 

From  Figs.  6 and  7,  it  can  be  seen  that  the  increase  in  photocurrent 

observed  with  decreasing  fluorination  temperature  arises  from  increased 

responsivitv  at  the  longer  wavelengths.  These  wavelengths  penetrate  more 

deeply  into  the  electrodes,  and  their  photogenerated  electron-hole  pairs 

will  become  separated  only  if  this  penetration  is  less  than  the  width  of 

the  depletion  layer.  Thus  the  improved  response  observed  at  low  T^,  may  be 

attributed  to  the  increase  in  depletion-layer  width  resulting  from  the 

increase  in  resistivity  seen  in  Fig.  2. 

The  spectral  photoresponse  of  a sample  of  TiO^  x reduced  at  600°C  has 

2 

also  been  measured.  The  results,  normalized  to  9.2  ma/cm  integrated  output,  (4) 

are  compared  with  those  obtained  for  TiO„  F in  Fig.  8.  It  is  evident  that 

2-x  x 

the  fluorinated  material  gives  an  appreciably  greater  response  at  the  longer 
wavelengths,  which  effect  can  be  attributed  to  an  absence  of  vacancies  in 
the  fluorinated  samples.  The  solar  spectrum  falls  off  much  more  rapidly 
below  400  nm  than  the  xenon-arc  spectrum.  Thus  the  disparity  between 
the  outputs  of  fluorinated  and  reduced  rutile  would  be  greatly  enhanced 
under  solar  irradiation. 

In  addition,  the  long-term  stability  of  electrodes  prepared  from  these 

2 . . 

same  two  samples  has  been  determined  under  12.5  mw/mm  irradiation  with  an 
applied  anodic  bias  of  1.5  volts.  The  resulting  decay  of  photocurrent 
with  time  is  shown  in  Fig.  9.  The  fluorinated  electrode  was  found  to  be 
appreciably  less  stable  than  the  reduced  electrode  in  0.2  M sodium  acetate, 
presumably  because  of  hydrolysis  of  the  fluorine  ions.  Such  hydrolysis 
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should  be  surpressed  by  a sufficient  concentration  of  fluoride  ions  in  the 
electrolyte.  Measurements  were  made  in  a lucite  cell  having  a fluorite 
window  2 mm  thick  with  a 0.2  M solution  of  potassium  bifluoride  buffered 
to  a pH  of  6 with  potassium  hydroxide  and  with  a 0.2  M solution  of  unbuffered 
otassium  bifluoride  (pH=3.5).  As  seen  in  Fig.  9,  the  hydrolysis  was 
partially  and  completely  surpressed,  respectively,  by  these  two  electrolytes. 
In  the  latter  case,  the  long-term  stability  was  improved  over  that  of 
unfluorinated  rutile. 


SUMMARY  AND  CONCLUSIONS 

A procedure  for  the  fluorination  of  1 mm  thick  wafers  of  rutile  has 
been  developed.  The  resulting  products  TiO^  ^F^  were  four:’  to  contain 
fluorine  by  chemical  analysis,  to  be  stoichiometric  by  thermogravimetric 
analysis,  and  to  be  homogeneous  by  resistivity  analysis.  The  value  of  x 
was  found  to  be  an  essentially  linear  function  of  the  fluorination 
temperature  over  the  range  575  to  700°C  from  measurements  of  the  resistivity, 
saturation  photocurrent,  and  flat  band  potential.  Analysis  gave  the  value 
x = 0.002  for  preparation  at  700°C. 

Samples  with  the  smallest  value  of  x showed  the  largest  photocurrent, 
despite  their  having  the  highest  resistance.  Most  of  the  variation  of 
photocurrent  with  x occurred  in  the  long -wavelength  part  of  the  spectrum, 
and  hence  was  attributed  to  variation  of  the  depletion-layer  width  with 
carrier  concentration. 
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Under  irradiation  from  a xenon  are  source,  rutile  wafers  fluorinated 
at  575°C  produced  almost  twice  the  photocurrent  obtained  from  rutile  reduced 
at  the  optimum  temperature  (600°C).  The  long-wavelength  photoresponse  was 
significantly  enhanced  in  the  fluorinated  material,  presumable  by  the  filling 
of  the  oxygen  vacancies . This  enhancement  would  become  appreciably  more 
pronounced  under  solar  irradiation,  which  provides  considerably  less 
relative  power  at  wavelengths  below  350  nm. 

The  long-term  stability  of  fluorinated  electrodes  in  a suitable  electrolyte 
under  conditions  of  intense  irradiation  and  extreme  anodic  bias  was  found  to 
be  at  least  as  good  as  that  of  an  optimally  reduced  electrode.  Hydrolysis 
of  the  electrodes  was  completely  surpressed  by  maintaining  an  adequate 
concentration  of  fluoride  ions  in  the  aqueous  electrolyte.  Furthermore,  it 
should  be  noted  that  the  fluorinated  material  produced  a higher  photocurrent 
than  the  reduced  electrode  even  after  4 hours  of  operation  in  the  sodium 
acetate  solution.  Thus  it  appears  that  definite  improvement  over  the 
photoelectric  efficiency  of  reduced  rutile  electrodes  can  be  achieved  by 
f luorination. 
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FIGURE  CAPTION  SHEET 


FIG.  1 - Schematic  illustration  of  the  fluorination  apparatus. 

FIG.  2 - Variation  of  resistivity  with  the  fluorination  temperature  of 

TiO.  F electrodes. 

2-x  x 

FIG.  3 - Dependence  of  photocurrent  upon  anode  potential  (SCE  reference) 

for  TiO^^F^  electrodes  fluorinated  at  various^temperatures  Tp 
for  "white”  xenon  arc  irradiation  of  1.25  w/cm  . 

FIG.  4 - Variation  of  saturation  photocurrent,  measured  at  an  anode 

potential  of  0.6  volts,  with  the  fluorination  temperature  of  2 

TiO„  F electrodes  for  "white"  xenon  arc  irradiation  of  1.25  w/cm  . 
2-x  x 

FIG.  5 - Variation  of  flat-band  potential  (SCE  reference)  with  the 

fluorination  temperature  of  TiO„  F electrodes. 

2-x  x 

FIG.  6 - Spectral  photoresponse  of  TiO^  ^F  for  electrodes  fluorinated 

at  various  temperatures  T , normalized  to  "white"  xenon  arc 
irradiation  of  1.25  w/cm2. 

FIG.  7 - Quantum  efficiency  in  electrons  per  photon  as  a function  of 

excitation  wavelength  for  TiO^  ^F^  electrodes  fluorinated  at 
various  temperatures  Tp. 

FIG.  8 - Comparison  between  the  spectral  photoresponse  of  TiO  F 

electrodes  fluorinated  at  575°C  and  that  of  TiO„  electrodes 

2 ~x 

reduced  at  600°C,  normalized  to  "white"  xenon  arc  irradiation 
of  1.25  w/cm^. 

FIG.  9 - Comparison  between  the  decay  of  photocurrent  with  time  for  TiO^ 

electrodes  in  0.2  M sodium  acetate  and  that  for  TiO„  F electrodes 

2 —x  x 

fluorinated  at  575°C  in  0.2  M potassium  bifluoride,  0.2  M potassium 
bifluoride  buffered  with  potassium  hydroxide,  and  0.2  M sodium 
acetate.  Measurements  were  made  with  1.5  volts  of  anodic  bias 
under  "white"  xenon  arc  irradiation  of  1.25  w/cm2. 
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ABSTRACT 

A study  has  been  made  of  the  electrical,  optical  and  photoconducting 
properties  of  pure  and  reduced  single  crystals  of  composition  Fe^  xCrx°3 
where  0 s x ? 0.47.  It  has  been  found  that  pure  a-Fe^O^  is  not  a photo- 
conductor.  When  defect  free  crystals  of  a-Fe^O^  are  reduced  a surface  layer 
of  is  formed  and  the  crystals  exhibit  photoconductivity.  Removal  of 

this  layer  resulted  in  the  disappearance  of  photocurrents  and  an  increase 
in  the  sample  resistivity.  A necessary  condition  for  the  observation  of 
photocurrents  in  n-tvpe  Fe203  is  that  some  Fe3C>4  be  Dresent.  In  addition, 
it  has  been  found  that  the  substitution  of  chromium  for  iron  in  a-Fe2C3 
results  in  a monotonically  decreasing  optical  band  gap  as  the  chromium 
concentration,  x,  increases. 
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INTRODUCTION 

Several  reports  (1-5)  describing  photoconductivity  in  n-type  Fe^O-j  have 
appeared  in  the  literature.  The  interest  in  this  material  has  been  generated 
by  its  relatively  narrow  band  gap  (2.2  eV)  (1-5)  and  its  stability  in  aqueous 
solutions.  However,  it  is  apparent  from  these  reports  (1-5)  that  the  composition 
of  these  samples,  and  therefore  the  origin  of  the  observed  photocurrents,  is  not 
well  understood  (see  Table  I).  Even  for  the  cases  where  analyses  have  been 
reported  (2,3),  some  questions  remain  concerning  the  composition  of  the  products 
studied.  In  particular,  the  low  resistivities  listed  in  Table  I are  typical  of 
the  impure  "e2°3  samples  previously  characterized  by  Gardner,  et  al.  (6).  It 
will  be  evident  below  that  x-ray  analysis,  which  was  used  to  characterize  the 
various  products  reported  in  Table  I,  is  not  as  sensitive  a technique  as  resistivity 
measurements  in  determining  sample  purity. 

In  this  study,  the  electrical,  optical  and  photoconducting  properties 
of  a-Fe^O^  have  been  measured  on  both  pure  and  slightly  reduced  samples  containing 
K 1%  Fe^O^.  From  these  measurements  the  origins  of  the  photocurrents  previously 
reported  in  ^e2^3  samples  can  be  determined.  In  addition,  an  investigation  has 
been  made  to  study  the  lowering  of  the  optical  band  gap  of  a-Fe^Oj  by  making 
solid  solutions  of  the  system  Fe  Cr  0_.  Since  Cro0-  has  a band  gap  of  1.68  eV 
(7),  members  of  this  system  should  have  band  gaps  between  1.68  eV  and  2.2  eV. 
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EXPERIMENTAL 

Members  of  the  system  Fej^Cr^O^  were  grown  as  large  single  crystal 
2 

platelets  (2-100  mm  ) by  chemical  vapor  transport.  Iron  (III)  oxide  (Mapico 

Red),  chromium  (III)  oxide  ( Jarrell-Ash)  and  approximately  20  mg  of  elemental 

tellurium  were  placed  into  11  mm  ID,  15  cm  long  silica  tubes  and  evacuated  to  less  than 

2u  Hg.  Chlorine  gas  was  then  introduced  to  give  a partial  pressure  of  380  torr. 

The  tubes  were  sealed  and  transport  was  attempted  at  several  charge  and  growth 

zone  temperatures.  The  conditions  for  successful  transport,  and  the  analyses 

of  the  products  are  given  in  Table  II.  The  tubes  were  first  heated  in  the  back- 

transport  mode  for  over  18  hrs.  and  then  transport  allowed  to  proceed  for 

periods  longer  than  5 days.  The  samples  were  then  removed  from  the  tubes  and 

washed  in  3M  hydrochloric  acid  followed  by  rinsing  with  dilute  ammonium 

hydroxide  and  finally  by  distilled  water.  The  larger  crystals  showed  a uniform 

blue-grey  appearance  by  reflected  light  while  the  thinnest  platelets  were  found 

to  transmit  red  light,  indicative  of  a band  gap  of  approximately  2 eV. 

Some  of  the  pure  crystaIs  were  ground  into  powders  and  their 

composition  analyzed  using  a Norelco  x-ray  diffractometer  having  a monochromatic, 

o 

high  intensity  copper  source  [X  (CuKa^)  = 1.5405  A].  Slow  scan  patterns  having 

silicon  as  an  internal  standard  showed  that  these  crystals  were  single  phase 

o o 

a-Fe^O^  (corrundum  structure)  with  lattice  constants  a = 5.033A,  c = 13.755A. 

No  evidence  of  the  presence  of  Fe^O^  or  other  phases  of  I'e2°3  was  f°und  in  any 
of  these  crystals.  Laue  back-reflection  photographs,  taken  with  a General 
Electric  XRD-3  diffractometer  unit  having  a tungsten  source  showed  that  the 
Fe  Cr  0 platelets  were  oriented  with  their  c-axes  perpendicular  to  the 
large  faces.  The  values  of  x in  Fe^  xCrx°3  were  determined  by  neutron  activation 
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analysis  (see  Table  II). 

The  reduced  samples  were  prepared  by  placing  the  crystals  in  evacuated 
silica  tubes  containing  titanium  turnings  (not  in  direct  contact  with  the 
crystals)  and  heating  them  to  temperatures  ranging  from  350-425°C  for 
periods  exceeding  150  hrs.  These  temperatures  were  determined  by  the 
appearance  of  Fe^O^  in  the  x-ray  patterns  of  the  products  obtained  by 
reducing  pure  a-Fe^O^  powders  (see  Fig.  1)  for  more  than  12  hrs.  at  50°C 
intervals  ranging  from  150-600°C.  Resistance  measurements  were  used  to 
determine  the  reduction  times  for  single  crystals  as  follows.  One  of  the 

Q 

a-Fe^Og  crystals,  having  a resistance  greater  than  10  J2  before  reduction, 
was  reduced  at  375°  for  193  hrs.  and  its  resistance  was  found  to  decrease 
to  6.6  kfi.  Further  reduction  of  this  sample  for  another  127  hrs  lowered 
the  resistance  to  2.2  kft.  Because  of  the  small  relative  change  in  the 
resistance  of  this  sample  for  the  second  reduction,  150  hours  was  chosen 
as  a minimum  time  for  the  reduction  of  the  crystals  of  this  study. 

The  resistivities  (p)  of  the  samples  were  measured  in  the  c-plane 
using  the  Van  der  Pauw  technique  (8).  Ohmic  contacts  were  obtained  by 
the  ultrasonic  soldering  of  indium  directly  to  the  platelet  edges.  Hall 
effect  measurements  were  not  attempted  since  the  samples  showed  magnetic 
behavior. 

The  optical  measurements  were  taken  at  room  temperature  with  unpolarized  light 
in  the  2100-270  nm  region  using  a Cary  Model  17  spectrophotometer.  Absorbance 
measurements  were  made  with  the  light  incident  along  the  c-axis  of  the  samples. 

The  reflectivities  of  the  samples  were  measured  with  the  light  incident  at 
a 20°  angle  to  the  c-axis  and  ratioed  against  the  calibrated  reflectance  of 
an  evaporated  aluminum  film.  None  of  the  samples  required  polishing  since 
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the  washed  crystals  had  surfaces  comparable  to  those  obtained  by  polishing 
to  a 0.05p  finish. 

The  photoelectrolysis  cell  consisted  of  a platinized  platinum  cathode 

and  semiconducting  anode  in  a 0.2M  sodium  acetate  solution  through  which 

a 15%  H2 , 85%  At  gas  mixture  was  bubbled  to  purge  the  solution  of  dissolved 

oxygen.  This  gave  a cathode  potential  of  -0.65  volts  with  respect  to  the 

saturated  calomel  electrode  (SCE).  Illumination  was  provided  by  an  Oriel 

2 

150W  xenon  lamp  which  was  focused  into  a 2 mm  diameter  spot  (12.5  mW/mm  ) 
an  the  anode.  Measurements  of  the  light  and  dark  currents  were  taken  at 
room  temperature  as  a function  of  the  bias  voltage  applied  between  the 
anode  and  cathode. 


RESULTS  AND  DISCUSSION 


a)  Pure  F^Og 


From  Table  I it  is  seen  that  the  resistivity  of  the  pure  a-Fe203  samples 
0 

exceeds  10  Q-cm.  Such  values  of  resistivity  are  characteristic  of  high 

purity  ct-Fe203  (6)  (which  exhibits  intrinsic  conductivity,  since  all  of  the 

5 

iron  present  has  the  high  spin  state  3d  . ) 

Measurements  of  the  optical  density  of  thin  platelets  of  pure  a-Fe203 


show  the  existence  of  a direct  gap  at  2.16  * 0.03  eV  (see  Fig.  2).  This  peak 


has  been  assigned  to  the  A 


lg 
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by  Tandon  and  Gupta  (9).  The  lower  energy  peak  at  1.44  - 0.03  eV  has  been 


assigned  to  the 
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same  authors  (9). 
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The  large  absorption  coefficient  of  these  samples  for  photon  energies  above 
2.3  eV  precluded  transmission  measurements.  Consequently,  reflectivity 
measurements  were  necessary  to  study  the  optical  properties  in  this  spectral 
region.  In  the  UV  there  is  a reflectance  minimum  at  3.64  - 0.04  eV  (341  nm), 
as  shown  in  Fig.  3.  It  may  be  of  interest  to  note  that  the  energy  of  this 
reflectance  minimum  coincides  roughly  with  the  energy  of  the  peak  in  the 
photocurrent  vs  photon  energy  curves  for  n-type  Fe^O^  electrodes  (1-3). 

2 

None  of  the  pure  a-Fe^O^  crystals  showed  any  detectable  change  (^  5uA/cm  ) 
in  their  light  vs  dark  currents  when  placed  in  the  photoelectrolysis  cell. 

These  results  are  consistent  with  the  high  purity  and  hence  high  resistivity 
of  these  crystals. 

b)  Reduced  Fe^O^ 

It  is  well  known  that  Fe^O^  (magnetite)  is  a good  conductor  at  room 
temperature  (10),  having  a band  gap  of  0.11  eV  (11).  Although  the  phase 
boundary  between  ct-Fe  0 and  Fe  0 is  very  sharp  (12),  a-Fe  0 might  be 

4 0 J *▼  4 O 

made  conducting  by  the  introduction  of  small  amounts  of  Fe^O^  into  the 
crystal  by  reduction.  In  this  process,  the  removal  of  oxygen  from  the 

structure  results  in  the  separation  of  a spinel  phase.  Magnetite  contains 

3+2+  . 

both  Fe  and  Fe  on  octahedral  sites,  hence  conduction  can  then  occur  via 

2+  3 + 

the  transfer  of  electrons  from  Fe  to  Fe 

Upon  removal  of  the  reduced  crystals  from  the  reduction  tubes , it 
was  noticed  that  they  had  a blue-black,  tarnished  appearance  in  contrast 
to  the  blue-grey  appearance  of  the  pure  a-Fe^O^  crystals.  The  results  of 
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the  resistivity  measurements  are  presented  in  Table  Ill-a.  It  is  interesting 
to  note  the  constancy  of  the  surface  resistance  (p/d)  values  with  respect  to 
reduction  time  and  temperatures.  In  particular,  all  of  the  samples  of  group  3 
were  reduced  in  the  same  tube.  Although  their  thicknesses  and  resistivities 
varied  over  about  an  order  of  magnitude,  their  surface  resistances  vary  from 
one  another  by  less  than  20%.  These  results  suggest  that  only  a surface  layer 
of  conducting  Fe^O^  is  formed  on  the  samples  during  reduction  and  hence  that  the 
resistivity  of  the  bulk  can  be  shorted  by  the  surface  layer. 

A confirmation  of  this  hypothesis  was  obtained  by  sanding  the  surfaces 
of  four  of  the  reduced  samples  and  then  measuring  their  resistivities  again. 

The  sanding  was  accomplished  by  rubbing  both  faces  and  the  outer  edge  with 
a dilute  600  grit  emery  paper  for  about  1 min  under  a pressure  of  a few  ounces. 
The  changes  in  thickness  (d),  resistivity  (p),  and  surface  resistance  (p/d) 
of  these  samples , caused  by  the  sanding  process , can  be  seen  from  a comparison 
of  Tables  Ill-a  and  Ill-b.  One  of  these  samples,  #lc,  was  sanded  more  heavily 
with  2/0  emerv  paper  for  about  2 min  before  being  rubbed  with  the  600  grit  paper. 
In  this  case,  there  was  a nearly  complete  removal  of  the  Fe^04  laver  as  seen 
from  its  p and  p/d  values  as  well  as  from  its  return  to  a blue -grey  appearance 
after  sanding. 

Samples  1A  and  IB , which  were  not  sanded , were  ground  into  powders  and 
x-ray  diffractometer  slow  scans  made  for  the  appearance  of  the  strongest 
Fe^O^  peaks.  In  both  cases,  no  evidence  of  detectable  amounts  of  Fe^O^  were 
found.  However,  as  seen  in  Fig.  1,  it  is  known  that  Fe,j04  is  produced  by 
reduction  at  temperatures  greater  than  or  equal  to  350°C.  It  is  therefore 
apparent  that  resistivity  measurements  are  more  sensitive  than  x-ray  analysis 


in  detecting  small  amounts  of  FegO^  in  a-Fe^O^  crystals. 

The  optical  densities  of  three  of  the  reduced  samples  were  also 

measured  in  the  2100-550  nm  region  of  the  spectrum.  While  the  positions  of 
the  absorption  bands  of  these  samples  were  identical  to  those  found  in  the 
pure  Fe2°3  samples,  it  was  found  that  the  overall  absorbance  in  the  measured 
spectral  region  had  increased  by  a constant  amount.  Since  the  band  gap  of 
Fe^C^  occurs  below  the  long-wavelength  edge  of  the  spectral  region  covered 
by  these  measurements,  a surface  layer  of  Fe^O^  should  therefore  contribute 
to  an  additional  absorbance  in  these  samples.  The  constancy  of  this  extra 
absorbance  is  consistent  with  the  fact  that  these  measurements  were  taken  at 
energies  above  the  band  gap  of  Fe^O^,  where  its  absorption  coefficient  is  nearly 
constant  (11). 

Photocurrent  measurements  were  taken  from  several  of  the  reduced  a-Fe^O^ 
samples.  Fig.  4 shows  a plot  of  the  light  and  dark  currents  of  one  of  these 
samples  (#lc  from  Table  Ill-b,  reduced  at  350°C  for  163  hrs ) as  a function  of 
the  applied  bias.  Of  interest  is  the  lack  of  saturation  of  the  photocurrent 
for  the  larger  bias  voltages.  This  effect  was  also  seen  in  the  other  samples 
of  this  study  as  well  as  in  the  CVD  films  of  Hardee  and  Bard  (1,3).  After 
removal  from  the  photoelectrolysis  cell,  this  sample  was  sanded  with  2/0  emerv 
paper  and  its  photocurrent  measured  again.  No  detectable  photocurrents  were 
found  after  this  treatment. 

The  observation  of  photocurrents  in  reduced  a-Fe^O^,  but  not  in  pure  a-Fe^O 
implies  that  a necessary  condition  for  the  observation  of  photocurrents  in 
is  that  it  contain  mixed  valency  iron  ions.  An  unfortunate  aspect  of  the 
reduction  of  pure,  defect  free  a-FejO^  crystals  is  that  only  a surface  layer 
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of  t'e30lt  could  be  formed.  As  a result,  the  photocurrents  of  these  samples 
are  limited  by  the  recombination  of  holes,  migrating  toward  the  anode -electrolyte 
interface,  with  mobile  electrons  in  the  conducting  surface  layer.  Attempts 
to  convert  a large  part  of  the  pure  Fe203  crystals  to  Fe304  resulted  in  the 
collapse  of  the  crystal  structure.  This  is  due  to  the  inability  of  the 
corundum  structure  to  tolerate  large  concentrations  of  spinel  inclusions. 

However,  some  of  the  a-Fe^Oj  crystals  were  found  to  have  terraced  faces, 
indicative  of  uneven  growth  rates  in  different  regions  of  the  crystals.  It 
is  well  known  that  in  such  crystals  there  exist  dislocation  networks  forming 
grain  boundaries  (13).  A reduction  of  these  defect  crystals  might  result 
in  the  formation  of  ^3°^  altng  dislocations  where  the  structure  can 
accommodate  spinel  inclusions  more  readily  than  in  more  perfect  regions  of 
the  crystal,  thus  providing  a more  uniform  mixture  of  Fe703  and  Fe304  than 
in  the  reduced,  defect  free  platelets. 

The  results  of  several  photocurrent  measurements  on  one  of  the  reduced 
defect  crystals  are  presented  in  Fig.  5.  The  data  for  curve  1 was  taken 
when  this  sample  was  first  placed  in  the  photoelectrolysis  cell.  Upon 
removal  from  the  cell,  its  surface  was  lightly  sanded  with  2/0  emery  paper 
for  about  2 min  followed  by  a similar  abrasion  with  dilute  600  grit  emery  paper. 
It  was  then  replaced  in  the  cell  and  the  points  of  curve  2 measured. 

Further  repetition  of  the  sanding  process  resulted  in  the  curves  labeled 
3 and  4,  respectively.  It  is  evident  from  these  plots  that  there  is  a 
large  increase  in  the  photocurrent  as  the  conducting  surface  layer  of  Fe304 
is  removed.  As  seen  from  the  insert  of  Fig.  5,  the  removal  of  the  surface 
layer  is  coupled  with  an  increase  in  the  photocurrent  to  dark  current  ratio 
(Ij/Ij  ).  Further  sanding  of  this  sample  did  not  result  in  any  significant 
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changes  from  the  results  of  curve  4.  It  is  therefore  apparent  that  curve  4 
is  indicative  of  the  photoconducting  behavior  of  the  bulk  of  this  sample. 

These  results  can  be  interpreted  in  the  following  manner.  The  photocurrents 
of  the  unsanded  sample  (curve  1)  are  limited  bv  recombination  in  the  conducting 
Fe^O^  surface  layer.  This  view  is  supported  by  the  relatively  large  dark 
currents  of  this  sample  before  sanding.  As  the  conducting  surface  layer  is  removed, 
the  dark  currents  decrease  and  the  photocurrent  increases  because  of  the  more 
homogenous  distribution  of  Fe^O^  in  a-Fe^O^  below  the  surface.  When  the  surface 
layer  is  completely  removed,  as  for  curve  4,  the  true  photoconductivity  of 
the  bulk  is  evident. 

c)  re2_xCrx03,  x i 0 

The  effect  of  Cr  doping  on  the  band  gap  of  a-Fe^O^  is  presented  in  Fig.  6 
for  0 j x s 0.47.  For  the  range  of  compositions  studied,  it  is  apparent  that 
there  is  a monotonic  decrease  in  the  gap  of  this  material  as  the  chromium 
content,  x,  increases.  The  nature  of  this  shift  of  the  energy  gap  with 
chromium  content  can  be  clarified  with  a comparison  of  the  optical  densities  of 
pure  and  chromium -doped  Fe203,  shown  in  Fig.  7.  It  is  apparent  that  the  1.44  eV 
transition  in  rx-FejO^  has  been  shifted  to  higher  energies,  whereas  the  band 
gap  transition  is  shifted  to  lower  energies,  consistent  with  a reduction  in 
the  crystal  field  splitting  of  the  - e^  levels  when  chromium  is  substituted 
for  iron  in  these  samples. 

The  resistivities  of  the  Fe  Cr  0 samples  listed  in  Table  II  were  also 

A ~ X X J 

measured.  For  all  of  these  samples,  the  resistivities  remained  larger  than 
6 

10  ft-cm  at  room  temperature.  This  result  is  interesting  since,  in  these 
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crystals,  the  chromium  ions  are  stable  in  the  +3  valence  state  ,3d". 

Although  the  impurity  concentration  is  large , the  crystals  are  not  conducting 
since  the  iron  is  still  present  in  only  the  +3  valence  state. 

Some  of  the  Fej  Cr  0^  crystals  were  reduced  under  conditions  similar 
to  those  used  to  reduce  the  pure  a-Fe^Og  samples.  However,  the  reduced 
products  possessed  no  mechanical  strength,  and  fell  apart  during  attempts 
to  attach  leads. 

Finally,  photocurrent  measurements  were  attempted  on  some  of  the 
unreduced  Fe^  Cr  0^  samples.  The  lack  of  mixed  valency  iron  and  hence  the 
high  resistivity  of  these  samples  resulted  in  no  detectable  photocurrents 
in  any  of  these  samples. 


CONCLUSIONS 

Several  conclusions  may  be  drawn  from  the  results  presented  above. 

First,  pure  a-Fe^Og  is  not  a photoconductor  because  of  its  high  resistivity 

which  results  from  the  presence  of  iron  in  only  a single  valence  state. 

A necessary  condition  for  the  observation  of  photocurrents  in  n-Fe^O^  is 
2+  3+ 

that  it  contain  Fe  and  Fe  . When  pure,  defect  free  crystals  of 

a-Fe^O^  are  reduced,  onlv  a surface  layer  of  conducting  Fe,jOu  is  formed. 

While  this  surface  layer  is  responsible  for  photoconductivity  in  these  crystals, 
its  removal  results  in  a disappearance  of  the  photocurrents  in  these  samples. 
When  crystals  containing  dislocations  are  reduced,  FegO^  can  form  both 
on  the  surface  and  along  the  dislocations.  In  this  case,  the  photocurrents 
increase  when  the  surface  layer  is  removed  since  this  layer  reduces  the 
photocurrents  by  recombination.  Therefore,  it  is  desirable  to  have  a 


36 


homogeneous  mixture  of  Fe  and  Fe  present  in  the  crystals  to  minimize 

recombination  losses.  Finally,  one  can  lower  the  band  gap  of  a-Fe^O^ 

bv  the  formation  of  the  solid  solution  Fe.  Cr  0_ . 

2-x  x 3 
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PREPARATION  AND  ANALYSIS  OF  n-TYPE  Fe 
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CONDITIONS  FOR  SUCCESSFUL  GROWTH  AND  CHROMIUM  ANALYSIS  OF  THE  Fe„  Cr  0,  SINGLE  CRYSTALS 
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TAELE  III 

RESISTIVITIES  (300°K)  OF  THE  REDUCED  Fe  0 SAMPLES 

z.  O 


a)  Unpolished  Samples 

Sample#  ^ Reduction  Temperature  (°C)  Reduction  Time  (hrs)  d(cm)  p(ft-cm)  p/d(ft) 


1A 

350 

163 

.0020 

n 

850 

IB 

350 

163 

.0046 

800 

2 

375 

320 

.0074 

8.4 

1150 

3A 

375 

168 

.0030 

3.1 

1050 

3B 

375 

168 

.0061 

6.1 

1000 

3C 

375 

168 

.0097 

8.0 

800 

3D 

375 

168 

.0150 

16.4 

1100 

3E 

375 

168 

.0221 

25.5 

1150 

4 

400 

160 

.0039 

5.8 

1500 

5 

400 

167 

.0091 

10.0 

1100 

b)  Polished  Samples 

Sample  # Reduction  Temperature  (°C)  Reduction  Time  (hrs)  d(cm)  p(fi-cm)  p/d(ft) 


1C 

350 

163 

.0084 

2.2xl04 

2.6x10 

3B 

375 

168 

.0060 

53.0 

8850 

3C 

375 

168 

.0097 

10.2 

1050 

3E 

375 

168 

.0210 

97.0 

4600 

Samples  having  the  same  number,  i.e.  1A,  IB,  1C  were  reduced  in  the  same  tube. 
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FIGURE  CAPTION  SHEET 


FIG.  1 - X-ray  powder  diffraction  patterns  of  a-Fe203  and  Fe^O^. 

Note  the  appearance  of  Fe„0  lines  in  the  sample  of  a-Fe»0_ 
reduced  at  350°C. 

FIG.  2 - The  room  temperature  optical  density  of  a 0.0015(5)  cm  thick 

platelet  of  a-Fe„03  showing  the  crystal  field  transitions  at 
1.44(3)  and  2.16(31  eV. 

FIG.  3 - The  room  temperature,  unpolarized  reflectivity  of  the  c-face 

of  an  a-Fe^Og  crystal  in  the  ultraviolet  region  of  the  spectrum. 

FIG.  4 - Light  and  dark  currents  vs  applied  bias  for  a defect-free 

a-Fe20g  platelet  reduced  at  350°C  for  163  hrs  (before  sanding), 
in  oxygen-free  0.2  M sodium  acetate  with  the  cathode  at  -0.65 
volts  vs  SCE. 

FIG.  5 - Photocurrents  vs  applied  bias  for  a defect  crystal  of  ct-Fe20,j 

reduced  at  350°C  for  218  hrs  , in  oxygen-free  0.2  M sodium 
acetate  with  the  cathode  at  -0.64  volts  vs  SCE.  The  initial 
behavior  and  that  after  successive  stages  of  sanding  are  shown 
in  curves  1-4,  respectively.  The  corresponding  values  for 
the  ratios  of  light  to  dark  currents  at  1.5  V bias  are  given 
with  the  plotting  symbols. 

FIG.  6 - The  dependence  of  the  optical  band  gap  of  Fe 2 ^Cr^O^  vs 

chromium  content  (x) , at  room  temperature. 

FIG.  7 - The  room  temperature  optical  densities  of  a-FejO^  (solid  curve) 

and  Fe.  Cr  ^0^  (dashed  curve)  showing  the  shift  in  the 
crystal  field  splitting  of  the  3d  levels  with  chromium  substitution. 
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FUTURE  RESEARCH 

During  the  second  year  of  this  program  considerable  effort  will  be  made 
in  attempting  to  prepare  other  oxyfluoride  electrodes;  specifically  the 
system  SrTiCL  F will  be  studied.  It  is  hoped  that,  because  electrodes 

O “X  X 

prepared  from  SrTiO^  crystals  show  photocurrents  at  zero  bias,  we  will  be 
able  to  further  improve  the  output  by  small  substitutions  of  fluorine  for 
oxygen.  In  addition,  systems  in  which  we  substitute  a +4  ion  into  the  ^2^3 
structure  will  be  studied.  There  has  been  to  date  no  careful  analysis  of 
the  nature  of  the  photocurrents  produced  in  the  solid  solution  between 
Fe^Og  and  FeTiOg.  This  work  will  be  extended  to  certain  spinels--for  example, 
ZnFejO^-  Fe30(+.  The  search  for  improved  electrodes  will  be  continued  and 
studies  will  be  started  on  possible  p-type  cathodes. 
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